To begin to map functional domains of the Sendai P-L RNA polymerase complex we wanted to characterize the P binding site on the Sendai L protein. Analysis of in vitro and in vivo P-L polymerase complex formation with carboxyl-truncations of the L protein showed that the N-terminal half of the protein was required. Site-directed mutagenesis of the Sendai virus L gene was employed to change amino acids within a highly conserved region of the N-terminal domain I from amino acids (aa) 348-379 singly or in pairs from the Sendai to the corresponding measles L sequence or to alanine. The mutant L proteins coexpressed with the viral P and NP proteins in mammalian cells were assayed for their ability to form the P-L complex and to synthesize RNA in vitro and showed a variety of defective phenotypes. While most of the mutant L proteins still formed the P-L polymerase complex, a change from serine to arginine at aa 368 and a three-amino-acid insertion at aa 379 virtually abolished both complex formation and RNA synthesis. Changes of aas 370 and 376-377 in the L protein gave only small decreases in viral RNA synthesis. Substitutions at either aas 349-350 or aas 354-355 and a three-aminoacid insertion at aa 348 in the L protein yielded enzymes that catalyzed significant transcription, but were defective in DI RNA replication, thus differentially affecting the two processes. Since DI leader RNA, but not genome RNA, was still synthesized by this class of mutants, the defect in replication appears to be in the ability of the mutant enzyme to package newly synthesized nascent RNA. Single changes at aas 362, 363, and 366 in the L protein gave enzymes with severely decreased overall RNA synthesis, although some leader RNA was synthesized, suggesting that they cannot transcribe or replicate past the leader gene. These studies have identified a region in conserved domain I critical for multiple functions of the Sendai virus L protein. ᭧
INTRODUCTION
of the protein are sufficient for polymerase complex formation (Horikami et al., 1994) . The genome of Sendai virus, a member of the paramyxoThe L protein is found in low amounts in virus and in virinae, consists of a negative-sense (0), unsegmented the infected cell, and early genetic studies of tempera-RNA genome about 15 kb in length (for a review see ture-sensitive (ts) RNA 0 L protein mutants of vesicular Kingsbury, 1991) . The virion-associated RNA-dependent stomatitis virus (VSV), a rhabdovirus, showed intragenic RNA polymerase is a disubunit enzyme consisting of the complementation in the L gene (Pringle, 1991) . These phosphoprotein P (62 kDa) and the large L protein (Ç250 data suggest that there are multiple functional domains kDa). Experiments in which the Sendai P and L proteins in the L polymerase protein. The L protein sequences of are expressed from plasmids in mammalian cells showed a number of (0) strand RNA viruses have been compared that P-L polymerase complex formation occurs only when (Poch et al., 1990; Sidhu et al., 1993) and six common the proteins are coexpressed and that complex formation conserved regions, designated I-VI, have been identiis required for biological activity (Horikami et al., 1992) . As fied. While the functions of these regions are unknown, it part of the characterization of the viral RNA polymerase has been proposed that they encode functional domains complex, the L binding site on the P protein has been common to all the L proteins. Some putative catalytic mapped to a region encompassing amino acids (aa) 413-activities have been proposed based on sequence motifs 445 Curran et al., 1994) , between within the domains that show similarities to proteins of two noncontiguous nucleocapsid binding sites in the Cknown function (Poch et al., 1990) . Domain II has a conterminal half of the P protein (Ryan and Portner, 1990 ; Ryan served, highly charged region suggested to be an RNA et al., 1991) . The P binding site on the L protein, however, binding domain. Region III contains a conserved GDNQ has not been definitively identified for any (0) strand RNA motif that may be required for polymerization, and indeed virus. Parks (1994) has shown that the entire N-terminal mutations in this sequence abolished RNA synthesis in 1247 amino acids of the simian virus 5 (SV5) L protein is both the VSV and the bunyavirus L proteins (Jin and Elliot, required for P-L complex formation. However, in the mea-1992; Sleat and Banerjee, 1993) . Similarly, region VI consles virus L protein just the amino-proximal 408 amino acids tains a putative ATPase motif that was shown by mutagenesis to be essential for VSV RNA synthesis (Canter et al., 1993) .
1 To whom reprint requests should be addressed. One model that has been proposed is that the L protein polyclonal anti-Sendai virus and C-terminal L peptide antibodies were described earlier (Horikami et al., 1992 , possesses all the enzymatic activities of the polymerase complex necessary for transcription with concomitant 1994; Smallwood et al., 1994) . A polyclonal anti-gst antibody was prepared by immunization of rabbits with polymRNA processing and genome replication and encapsidation. In support of this hypothesis, biochemical experiacrylamide gel purified gst protein expressed in VVT7-infected, pTM1-gst plasmid-transfected Vero cells. ments have shown that the VSV polyadenylation (Hunt and Hutchinson, 1993) and methyltransferase (Hercyk et In vitro transcription and translation al., 1988; Hammond and Lesnaw, 1987) activities and the VSV (Sanchez et al., 1985; Hammond et al., 1992) and
The Sendai L plasmid was linearized with various reSendai (Einberger et al., 1990) protein kinase activities striction enzymes as indicated by the name of the in vitro are definitively associated with the L protein. However, L protein (Fig. 1D , EcoL, etc.) to truncate the gene from only in one VSV mutant, which is both temperature sensithe C-terminus. RNA transcripts (2 mg) of each plasmid tive and synthesizes mRNAs with very long poly(A) tails, synthesized with T7 RNA polymerase in vitro were transhave the two defects been mapped to specific sites in the lated in a rabbit reticulocyte lysate (12.5 ml) with [
35 S]-L protein, a single amino acid change in either domain V methionine in the absence or presence of Sendai P or at a site between domains V and VI, respectively (Hunt mRNA (2 mg) synthesized in vitro. Samples (5 ml) were and Hutchinson, 1993) .
immunoprecipitated with Sendai a-P MAb (1 ml) and anaAs part of our long-term goal to map domains of the lyzed along with a portion (2 ml) of the total product by Sendai L protein, we initially wanted to characterize the 7.5% SDS-polyacrylamide (SDS-PAGE) gel electropho-P binding site on the Sendai L protein. Analysis of in resis and fluorography. vitro and in vivo P-L complex formation with carboxyltruncations of the L protein showed that the N-terminal Deletion and mutagenesis half of the protein was required. Site-directed mutations in the Sendai L gene corresponding to a putative P bindFor expression of truncated L proteins in cells, internal deletions were made in the L gene. Lfs was created ing site within the conserved N-terminal domain I were generated yielding either amino acid insertions or substiby deleting nt 4710 of L by site directed mutagenesis (Horikami and Moyer, 1995) which gave a truncation tutions of one or two amino acids in the Sendai L protein to the corresponding measles virus (MV) L sequence or at amino acid (aa) 1571 with the addition of 29 aa from an alternative reading frame. LDBam was conto alanine. Functional analyses of the mutant L proteins showed that they had a variety of defects in viral RNA structed by deleting the fragment between the two BamHI sites and religating to yield a truncation at aa synthesis in vitro.
1146 with 5 aa extra. LDBsp was made by deleting the fragment between the two BspI sites and religating
MATERIALS AND METHODS
yielding an in-frame fusion of aa 973 to aa 1544. LDBCells, viruses, antibodies, and plasmids B was constructed by digestion with both BamHI and BspI, blunting, and religation to yield a truncation at Sendai virus (Harris strain) and the Sendai virus defective interfering (DI) particle DI-H were propagated in emaa 973 with 5 aa extra. To construct the Sendai/MV chimeric mutant L1, the bryonated chicken eggs and purified as described previously (Carlsen et al., 1985) . Polymerase-free WT Sendai region encompassing aa 315-399 from the MV L gene was amplified by PCR with primers containing a NcoI and DI nucleocapsids (RNA-NP) were purified by banding on CsCl gradients. Recombinant vaccinia virus consite linked to nt 945-961 (/) and an ApaI site linked to nt 1197-1180 (0). The MV PCR product was digested taining the gene for the phage T7 RNA polymerase (VVT7) (Fuerst et al., 1986 ) was a gift of Dr. E. Niles (SUNY, with NcoI and ApaI and cloned into the Sendai L gene cut at the unique NcoI-ApaI sites which deleted aa 348-Buffalo, NY) and was grown in Vero cells. Transfections and infections for all assays were performed in human 379 of the Sendai L protein (see Figs. 2 and 3 ). The chimeric/linker mutant L3 was similarly constructed by lung carcinoma A549 cells from ATCC. The Sendai plasmids pGEM-P/C, pGEM-NP, and pGEM-L with each gene amplifying the region corresponding to aa 340-371 from the MV L gene by PCR with a set of primers containing cloned downstream of the T7 promoter were described previously (Curran et al., 1991) . The MV P and L plasmids either the NcoI site linked to nt 1020-1040 (/) or the ApaI site linked to nt 1113-1096 (0). These primers also were described previously (Horikami et al., 1994) . Plasmid pTM1-gstP, which expresses a glutathione S-transcontained sequences for three-amino-acid insertions: GVH at the NcoI site or INR at the ApaI site. The digested ferase (gst)-Sendai P protein fusion, gstP, was constructed by cloning a PCR generated P gene with BamHI PCR fragment was cloned into the NcoI-ApaI sites of the Sendai L gene. Sendai L proteins containing either linkers at each end of the open reading frame into the BamHI site in-frame at the 3 end of the gst gene in one or both insertions without the MV sequences (L5, L14, and L15) were constructed by PCR of the Sendai L the pTM1-gst plasmid (Stein et al., 1989) . Monoclonal antibodies (MAb) to the Sendai and MV P proteins and gene with the upstream and downstream primers, A and B, and the L14 and L15 primers, respectively (Table 1) . plasmids and for measles and Sendai heterologous interactions with combinations of Sendai pBS-P/C (5 mg), SenThe digested PCR product was cloned into the NcoIApaI sites, positioning the insertions adjacent to aa 348 dai pUC-L (5 mg), measles pBS-P/C (5 mg), and measles pAe-L (5 mg) plasmids (Horikami et al., 1994) . At 4.5 hr and/or 379 of the Sendai L protein as indicated in Fig. 3 . posttransfection the medium was replaced with cysteineand methionine-free MEM and the cells were labeled Site-directed mutations were constructed in the Sendai L gene in the region between the unique NcoI (nt 1039) with Trans
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S-label (ICN Pharmaceuticals, Inc., 100 mCi/ ml) for 1 hr. Cytoplasmic cell extracts were prepared by and ApaI (nt 1140) sites (from aa 348-379) by PCR-mediated mutagenesis (Higuchi, 1990) . The appropriate lysolecithin permeabilization in Sendai reaction mix salts (RM salts, 300 ml) containing 0.1 M HEPES (pH 8.5), 0.05 primer, A or B (Table 1) , external to these sites was used in PCR of the Sendai L gene with either of two M NH 4 Cl, 7 mM KCl, 4.5 mM magnesium acetate, 1 mM DTT, and 1 mM spermidine as described previously (Horoverlapping complementary primers containing the desired mutations (L12, L7, L16, L17, and L18, Table 1) or ikami et al., 1992) , except that the extracts were pelleted at 13,000 rpm for 10 min at 4Њ. A sample (10 ml) of the one primer in the case of changes near the NcoI or ApaI sites (L8, L9, L10; Table 1 ). A mixture of each set of total cell extract was directly analyzed by SDS-PAGE and L protein was quantitated on the phosphorimager. overlapping PCR products was used for further PCR amplification using primers A and B. The final product was To analyze constant L protein, samples of extracts with equal amounts of L protein were adjusted to a constant digested with NcoI and ApaI and cloned into the Sendai L gene at those sites. Each mutagenic primer included final volume of cell extract by adding extract from VVT7-infected, but not transfected cells. The samples were a change(s) to generate a silent, new restriction site (Table 1) to facilitate screening the clones and the mutations immunoprecipitated with the appropriate Sendai a-P or MV a-P MAbs (1 ml) in the case of the P proteins, or, in were confirmed by sequencing the entire region.
the case of Sendai gst-P, selected with Sepharose beads Protein analysis coupled to glutathione (glu-beads) (Pharmacia). The proteins were analyzed by 7.5% SDS-PAGE and fluorogTo measure P and L protein interactions in cells, subraphy. confluent A549 cells (60-mm dishes) were infected with VVT7 at a multiplicity of infection of 2.5 pfu/cell for 1 hr Sendai virus transcription and replication at 37Њ. The cells were then transfected utilizing lipofectin (Life Technologies) in Opti-MEM medium (GIBCO) with VVT7-infected A549 cells were transfected for transcription assays with Sendai pGEM-P/C (1.5 mg) and the various plasmids: for Sendai with pGEM-P/C (5 mg) or pTM1-gstP (1 mg) and the WT or mutant pGEM-L (5 mg)
WT or mutant pGEM-L plasmids (0.5 mg), amounts opti-mal for subsequent viral mRNA synthesis (data not AAATCCTGTA TAACTTCATT ACATATCCCA TACATG-TTTT TTCTCTTGTT TGGT 3 and 5 ACAAGAAGAC Ashown). Cytoplasmic extracts were prepared at 18 hr posttransfection as described previously (Horikami et al., AGAAAATTT AAAAGGATAC ATATCTCTTA AACTCT-TGTC TGGT 3 to detect the WT (/) strand leader RNA 1992), but in incomplete RM (0.1 M HEPES, pH 8.5, 50 mM NH 4 Cl, 7 mM KCl, 1 mM each ATP, GTP, UTP, DTT, and the DI leader RNA, respectively. The blots were exposed to Kodak X-OMAT film and the leader RNAs were and spermidine, 10 mM CTP, 10% glycerol). Samples (10 ml) were analyzed by SDS-PAGE and Western blot analyquantitated on the phosphorimager. sis with anti-Sendai serum to confirm the synthesis of the viral proteins. The extracts were treated with micrococcal RESULTS nuclease (MN, 12 mg/ml) in 1 mM CaCl 2 for 30 min at
Mapping the P binding site on the Sendai L protein 30Њ to remove the plasmid and vaccinia DNAs, and the MN was inactivated by the addition of EGTA (2.2 mM).
Since formation of a P-L polymerase complex is required for the stabilization of L protein (Smallwood et al., One-tenth volume of a mixture containing [50 mM Mg 2 OAc, dactinomycin (200 mg/ml), RNasin (5 U/ml, Pro-1994) and the biological activity of the enzyme (Horikami et al., 1992) , experiments were first undertaken to map mega Biotec), CPK (400 U/ml), and CrPO 4 (33 mg/ml) in incomplete RM] was added, followed by the addition of the P binding site on the Sendai L protein. Various Cterminally truncated L proteins were coexpressed with polymerase-free WT RNA-NP (2.4 mg) and [a-32 P]CTP (500 mCi/ml). The samples were incubated at 30Њ for 2 the P protein both during in vitro translation and in vivo in cells transfected with the appropriate plasmids. Figure  hr . Nonidet P-40 and NaDoc were added to 1% (w/v) and 0.1% (w/v), respectively, and the mRNAs were purified by 1D shows the L gene with selected restriction sites and conserved domains I-VI (Poch et al., 1990) . For analysis pelleting through 5.7 M CsCl. The NP mRNA product was analyzed by RNase protection assay with a riboprobe of in vitro complex formation the Sendai L plasmid was linearized at different restriction sites as indicated by the complementary to the 3 end of NP mRNA. The riboprobe was a T7 transcription product of HindIII-linearized name of the protein (EcoL, BspL, etc.) as outlined in Fig.  1D . mRNA was synthesized from each DNA in vitro and pGEM-NP-376 constructed by cloning the HindIII-XbaI fragment (nts 1000-1376) of pGEM-NP into pGEM3 at translated in a rabbit reticulocyte lysate in the absence or presence of Sendai P mRNA. P-L complex formation those sites. The protected products were analyzed by electrophoresis on a 5% polyacrylamide-8 M urea gel was measured by the coimmunoprecipitation of the truncated L protein with P protein by a P monoclonal antibody and autoradiography.
For replication assays VVT7-infected A549 cells were (a-P MAb), which we previously showed was specific for the Sendai P protein (Horikami et al., 1992) . transfected with pGEM-NP (2 mg), pGEM-P/C (5 mg), and the WT or mutant pGEM-L plasmids (0.5 mg). Extracts P protein synthesized alone in vitro and gradient-purified P-L complex synthesized in transfected cells were prepared and incubated with polymerase-free DI-H RNA-NP (1 mg) as described previously (Horikami et (Smallwood et al., 1994) are shown as markers (Fig. 1A , lanes 1 and 2, respectively). Analysis of the total in vitro al., 1992). Samples were micrococcal nuclease treated and the nucleocapsid products banded on CsCl. The translation products in Fig. 1A showed that the synthesis of the very large proteins, including full-length L (KpnL, RNA was extracted and analyzed by electrophoresis on 1.5% agarose-acid-urea gels and autoradiography as 2228 aa, lane 4) and the truncations XhoL (1637 aa, lane 7) and BsuL (1357 aa, lane 10), was quite inefficient with described previously (Carlsen et al., 1985; Horikami et al., 1992) . The levels of products were quantitated on the many apparently early termination products. Nevertheless, in each case at least some full-length L product phosphorimager.
was synthesized. When coexpressed with P protein some KpnL protein bound P in vitro as measured by its Leader RNA analysis coimmunoprecipitation with a-P MAb as expected (Fig.  1A , lane 3). Coimmunoprecipitation and thus complex To analyze WT Sendai (/) strand leader RNA and DI leader RNA synthesis, VVT7-infected A549 cells (60-mm formation also occurred when P protein was coexpressed with L proteins with C-terminal deletions to aa dishes) were transfected with pGEM-P/C (1.5 mg) and WT or mutant pGEM-L (0.5 mg) plasmids. Extracts were 1637 (XhoL, lane 6) and aa 1357 (BsuL, lane 9). These L proteins synthesized alone did not immunoprecipitate prepared as described above for in vitro transcription except with CTP at 1 mM in the absence of radiolabeled with the a-P MAb (lanes 5 and 8), confirming the specificity of the antibody. In contrast to WT P-L complex formanucleotide and incubated with polymerase-free WT Sendai or DI RNA-NP. Total RNA was extracted, separated tion in vivo as marker (Fig. 1B , lane 5), L proteins synthesized in vitro with truncations to aa 1146 (BamL) and aa by electrophoresis on an 8% polyacrylamide-8 M urea gel and electroblotted onto Hybond N nitrocellulose.
871 (BspL) did not coimmunoprecipitate with P protein (Fig. 1B , lanes 7 and 9, respectively), although each of Leader RNA was detected by Northern analysis as described previously (Horikami and Moyer, 1991) with the these proteins was synthesized both in the presence and in the absence of P (Fig. 1B, lanes 1-4) . With BamL alone complementary , as marker. Samples of the total translation products (A, lanes 4, 7, and 10; B, lanes 1-4) and samples immunoprecipitated with Sendai a-P MAb (A, lanes 1-3, 5, 6, 8, and 9; B, lanes 5-9) were analyzed by 7.5% SDS-PAGE. (C). In vivo expression in cells. VVT7-infected cells were transfected with the WT or mutant pGEM-L plasmids described under Materials and Methods in the absence or presence of pGEM-P/C plasmid as indicated at the top and labeled with Tran 35 S-label. Cell extracts were prepared and samples were immunoprecipitated with a-P MAb (C, lanes 1-10) or the a-L peptide Ab (lane 11) were analyzed by 7.5% SDS-PAGE. The positions of the WT P and L proteins are indicated and asterisks show the truncated proteins. A summary of the P-L binding data is shown on the right of D.
(lane 1) there was the synthesis of an apparently early P protein (Fig. 1D ). In addition, LDBam truncated at termination product of the same size as P protein, which aa 1146 coimmunoprecipitated with P forming a comdid not immunoprecipitate (lane 6). In a similar experiplex in vivo (Fig. 1C, lane 3) . Since the equivalent ment the EcoL truncation to aa 642 did not bind P (data BamL protein synthesized in vitro did not bind to P not shown).
during in vitro translation (Fig. 1B) , these data suggest that proper complex formation with this truncated L Internal L gene deletions were also constructed protein is somehow facilitated by A549 cells. Binding and the C-terminally truncated L proteins (Fig. 1D) to P protein was lost, however, by an internal, in-frame were synthesized in vivo in mammalian cells, where LDBsp deletion (Fig. 1C, lane 10) , although the LDBsp expression of the proteins from transfected plasmids protein was clearly synthesized (lane 11), and by a is driven by prior infection with VVT7 encoding the T7 truncation at the BspI site at aa 973 (LDB-B, data not RNA polymerase (Curran et al., 1991) . The WT or mushown, Fig. 1D ). It is not known if the actual P binding tant L proteins were expressed in the absence or site resides in the deleted interval from aa 973 -1146 presence of P protein, labeled with Tran 35 S-label, and of L protein or if these deletions altered the secondary the cytoplasmic cell extracts were immunoprecipistructure of an upstream binding site. Nonetheless, tated with the Sendai a-P MAb. Like the WT L protein the data show that the C-terminal half of the Sendai (Fig. 1C, lanes 1 and 8) , an L protein truncated at aa 1571 (Lfs, data not shown) coimmunoprecipitated with L protein is dispensable for P protein binding.
Analysis of chimeric Sendai/MV proteins
One of the potential problems with deletion analysis, exemplified above, is that these alterations could affect distal sites due to improper folding of the protein, particularly in a presumably multifunctional protein-like L protein. As an approach to try to circumvent this problem, we asked if the conservation of sequence between the MV and Sendai L proteins ( Fig. 1D ; Poch et al., 1990) results in any functions that are shared by both proteins. Specifically, we tested if the Sendai L protein could bind the MV P protein and vice versa when the proteins were expressed in VVT7-infected cells transfected with combinations of the Sendai and MV P and L plasmids. Analysis by the coimmunoprecipitation assay showed that while the homologous Sendai P-L and MV P-L complexes formed as described previously (Horikami et al., 1992 (Horikami et al., , 1994 , neither L protein formed a complex with the heterologous P protein (data not shown). Thus, in spite of sequence conservation in these L proteins, the P binding site on each L protein is specific for each virus.
While the mapping data above suggested that the P binding site on the Sendai L protein resides from aa 1-1146 (Fig. 1) , in MV the P binding site was delineated to a smaller region of the MV L protein, encompassing the N-terminal 1-408 aa which includes N-terminal nonconserved sequences and domain I (Horikami et al., 1994) . We, therefore, propose that domain I contributes to the P binding site and have constructed Sendai/MV chimeric proteins in one region of domain I of the Sendai L protein to test if the P binding sites of the two proteins can be exchanged. The rationale is that chimera formation between structurally and functionally related proteins, as opposed to deletions or truncations, should maintain the spatial integrity of the L protein, yet might show differences in the virus specificity of P binding. Domain I of the L protein contains three highly conserved sequences we designate as regions Ia (aa 234-246), Ib (aa 280-300), and Ic (aa 357-370) (Poch et al., 1990) . We took advantage of two unique NcoI and ApaI expressed at nearly the same level as WT Sendai L protein in VVT7-infected, plasmid-transfected cells (data not shown). In contrast to WT L, neither L1 nor L3 bound to chimeric proteins bound to MV P protein (data not the coexpressed Sendai P protein, since L1 and L3 were shown), suggesting that this region alone in the Sendai not coimmunoprecipitated with P protein by the a-P MAb and MV L proteins is either not required or is insufficient for P binding. The L1 and L3 proteins were also com- (Fig. 2B, lanes 3, 5, and 7) . In addition, neither of these pletely inactive in viral RNA synthesis in vitro (data not and the results for all the L mutants are summarized in Fig. 3 . Interestingly, only one of these mutations, a single shown) as expected, since the polymerase complex could not form.
change from Ser to Arg at aa 368 in the L7 protein, abolished P-L complex formation when L7 was coexTo distinguish whether the defect in L3 protein binding to Sendai P protein was due to the MV sequences or to pressed with either P protein (Fig. 4A, lane 5) or the gstP protein (data not shown), although the L7 protein was the additional nonviral residues, Sendai L proteins with either one or both of the three-amino-acid insertions, but synthesized at nearly WT levels in each case (data not shown). The mutant L proteins L8, L12, L16, and L17 were no MV sequences, (L5, L14, L15, Fig. 2A) were constructed and tested for P protein binding in P and L all synthesized and formed the polymerase complex (Fig.  4A, lane 7; Fig. 4B , lanes 5, 7, and 9, respectively). Simiplasmid-transfected cells. The data show that the L5 protein with both insertions also did not bind P protein (Fig. larly, the L9, L10, and L18 proteins were synthesized and bound gstP protein (Fig. 3) . 2B, lane 9) and was inactive in transcription in vitro (Fig.  5, lane 14) . The a-P MAb became unavailable during the To test for the biological function of the mutant L proteins, A549 cells were infected with VVT7, transfected course of these experiments, so as an alternative method for analysis of polymerase complex formation we conwith the P/C, NP, and the WT or mutant L plasmids at ratios optimal for in vitro transcription or replication and structed a plasmid expressing a gstP fusion protein where the gst protein was fused in-frame to the N-termicytoplasmic extracts were prepared and incubated with either the polymerase-free WT or the DI RNA-NP as denus of the Sendai P protein. When the WT L and gstP proteins were expressed in VVT7-infected, plasmidscribed under Materials and Methods. Both these templates were devoid of endogenous polymerase activity, transfected cells, analysis of the total protein in the extracts showed that the WT and mutant L proteins were since incubation with extracts from VVT7-infected, but not transfected cells gave no RNA synthesis as expected all expressed both with and without gstP (data not shown). WT L protein cobound to glutathione-beads only (Fig. 5 , lanes 2 and 6; Figs. 6A and 6B, lane 1). The level of in vitro transcription was quantitated by RNase when expressed with gstP protein (Fig. 2C, lanes 2 and  3) , showing that this assay measures P-L complex formaprotection analysis utilizing a riboprobe which hybridizes to the 3 end of the NP mRNA to measure completed tion. The other bands are due to the nonspecific binding of vaccinia proteins to the beads as seen in VVT7-inmRNA. The riboprobe incubated with an infected and plasmid-transfected cell extract in the absence of nucleofected, but not transfected cells (Fig. 2C, lane 1) . The L14 protein with the left insertion alone gave partial binding, capsids gave no protected products (data not shown), showing that the probe was specific for the Sendai NP while the L15 protein with the right insertion gave less, but still detectable, binding to gstP (Fig. 2C, lanes 5 and mRNA. For replication DI nucleocapsid products were purified, and the DI RNA was extracted and analyzed by 7). Thus, from these data substitution of MV sequences and the three-amino-acid insertions in this region of the gel electrophoresis as described under Materials and Methods. In each sample the viral NP, P, and WT and Sendai L protein both appeared to contribute to the inhibition of Sendai polymerase complex formation. mutant L proteins were synthesized at similar levels as determined by Western blot analysis of samples of the cell extracts (data not shown).
Mutations in the Sendai L protein which differentially
The L8, L9, and L10 proteins, each with two MV aa affect transcription and replication substitutions at different positions flanking region Ic, all bound the Sendai P protein (Fig. 3) and catalyzed reSince deletions and insertions of new sequences into the Sendai L protein inhibited binding to Sendai P protein, duced (38-54%) but still significant levels of transcription in vitro (Fig. 5, lanes 3-5; Fig. 3 ). The L8 protein synthewe further explored the region encompassed by the NcoI-ApaI sites by a more conservative approach, using sized more DI RNA (78%, Fig. 6A , lane 3) than mRNA (Fig. 3) . In contrast to their transcriptional activity, the L9 PCR-mediated site-directed mutagenesis as described under Materials and Methods. The sequence of the Senand L10 proteins gave barely detectable DI RNA replication (4-8%, Fig. 6A , lanes 4 and 5; Fig. 3 ). Mutant L14, dai L protein from aa 348-379 (between the NcoI-ApaI sites) including domain Ic differs from the corresponding with the GVH insertion before aa 348, had a phenotype similar to that of L9 and L10, catalyzing transcription (Fig. region of MV L by 11 amino acids (Poch et al., 1990) . We either changed one or two amino acids at a time in the 5, lane 8), but little replication (Fig. 6A, lane 6) . The INR insertion after aa 379 (L15) which reduced P-L complex WT Sendai L protein to those of MV L at that position or substituted Ala for several conserved charged amino formation (Fig. 2C, lane 7) , in contrast, abolished all RNA synthesis (Fig. 5, lane 11 ; Fig. 6B, lane 7) . These data acids as shown in Fig. 3 . The mutant PCR products were cloned into the Sendai L gene at the NcoI and ApaI sites suggest that alterations on the amino-proximal side of region Ic, even to amino acids found normally in the WT and each mutant L plasmid was tested for expression in cells and for the ability of the mutant protein to form a MV L protein, differentially affected Sendai virus transcription and replication in vitro. The L8 protein with a complex with the Sendai P or gstP proteins. The binding data for selected mutant L proteins are shown in Fig. 4 2-aa MV substitution downstream of Ic could still catalyze (Poch et al., 1990) . Capital letters indicate amino acids that are identical in at least four viruses. Mutants L14 and L15 had three amino acid insertions as discussed in the legend to Fig. 2 . By site-directed mutagenesis as described under Materials and Methods, amino acids marked with asterisks were changed in Sendai L from the Sendai to the MV L sequence in the corresponding position; those amino acids marked with closed circles were changed to Ala. The data from multiple experiments (two to three) on the binding of the mutant L protein to P protein and on the biological activities (transcription, replication, and leader RNA synthesis; Figs. 4-8) of the mutant L proteins were quantitated on the phosphorimager and the averages are summarized on the right. The data varied by less than 10% in each experiment. both processes; however, a three-amino-acid insertion tively, could transcribe or replicate little or no RNA in vitro (Fig. 5 , lanes 12 and 13; Fig. 6B , lanes 5 and 6). downstream (L15) had a completely inhibitory effect on RNA synthesis.
Interestingly, L18 with a Glu to Ala change gave nearly WT levels of both transcription and replication (Fig. 7 ), In the highly conserved region Ic there are only two amino acid differences between the Sendai and MV L so in spite of its conservation, changing it to a neutral amino acid did not affect the biological activity of the L proteins (Fig. 3) which were changed individually in Sendai L to that of MV L: Thr to Ser at aa 363 (L12) and Ser protein in vitro. to Arg at aa 368 (L7). The Thr to Ser substitution in the L12 protein did not affect P-L complex formation (Fig. 4B , WT(/) leader and DI leader RNA synthesis by the lane 5), but this enzyme was virtually inactive in transcripmutant L proteins tion and DI replication (Fig. 5, lane 10; Fig. 6B, lane 4) . The single Ser to Arg change in the L7 protein also abolSince several of the L mutants exhibited profound defects in the synthesis of either mRNA or DI genome RNA ished RNA synthesis (Fig. 5, lane 9; Fig. 6B, lane 3) , which is probably due to its inability to form the P-L complex or both (Fig. 3) , we tested if these proteins could synthesize even the first transcription product, the 55 nt leader (Fig. 4A, lane 5) . These two amino acids within region Ic are clearly both essential for the biological function of RNA, from the WT and DI-H RNA-NP templates. Extracts of VVT7-infected cells transfected with WT P and the WT the L protein and mediate virus specificity.
The Arg and His residues in domain Ic at aas 362 and or mutant L plasmids were incubated with each of the templates and the RNA products analyzed by Northern 366, respectively, are invariant in all the paramyxovirus L proteins sequenced to date, while the Glu residue at blotting and hybridization to oligonucleotide probes specific for each leader RNA. As previously reported (Vidal aa 370 is conserved in five viruses (Sidhu et al., 1993) . These charged amino acids were changed individually et al., 1989) , the WT polymerase synthesized (/) leader RNA of 55 nt, but it also read through the leader-NP gene to Ala and we showed that the mutant L proteins L16, L17, and L18 were all synthesized and bound P protein boundary to synthesize a series of longer products (Fig.  8B, lane 1) . In contrast, we show here that the DI leader (Figs. 3 and 4B) . The Arg and His residues, however, were essential for activity, since L16 and L17, respec-RNA product was a discrete size (55 nt) with little or no DI genome synthesis (Fig. 3) , transcribed leader RNAs plexes had reduced function because they were defective in their ability to bind to nucleocapsids. By utilizing read-through products (Fig. 8A, lanes 1 and 7) , although a cosedimentation assay we determined that each of the there was a distinct pattern of apparently early terminamutant P-L complexes was associated with the pelleted tion products. Interestingly, the L mutants L14, L10, and polymerase-free nucleocapsids to the same extent as L9, which transcribed NP mRNA but were defective in the WT P-L complex, where each complex in the absence of template did not pellet (data not shown). Thus, the L L proteins were not involved in binding. We asked, therefore, if the P binding sites could be switched by conprotein mutations in L12, L16, and L17 did not affect the ability of the enzyme to bind to the template; however, structing chimeras where two overlapping regions encompassing domain Ic of MV L were substituted into the leader RNA synthesis was severely impaired and synthesis of distal products was abolished.
corresponding site (aa 348-379) in Sendai L. Interestingly, these chimeric proteins, L1 and L3, lost the ability to bind the Sendai P protein (Fig. 2) , but still did not bind DISCUSSION to MV P protein. In addition, they were inactive in Sendai RNA synthesis in vitro, confirming that the complex is To identify domains of the Sendai virus L protein rerequired for activity. Three amino acid insertions in doquired for the multiple activities of the viral RNA polymermain I (L5, L14, and L15) also reduced polymerase comase we have undertaken an approach involving specific plex formation and its activity (Fig. 3) . These data suggest alterations of the L gene followed by analysis of their that either this part of domain I contained only part of, effect on various biological properties of the protein. Our but not the entire, P binding site, or alternatively that previous data suggested that the formation of the P-L the insertions affected a distal binding site, possibly by complex is essential for the catalytic activity of the polydisrupting the secondary structure of the protein. merase (Horikami et al., 1992) . Mapping data show that As a less disruptive approach we then used site-dithe C-terminal half of Sendai L protein was not essential rected mutagenesis of the Sendai L gene to change for the formation of the polymerase complex, but binding amino acids singly or in pairs near or within domain Ic was lost in L proteins shorter than 1147 amino acids to identify sequences required for P binding to the L (Fig. 1) . Similar results were obtained by Parks (1994) for protein. These data show first that P-L complex formation the SV5 L protein, where the C-terminal half of this L was abolished by only one mutation (L7), a change from protein was dispensable for P binding. It was shown, in the Sendai Ser to the MV Arg residue at aa 368. L7 addition, that each of a series of small deletions throughwas inactive in all RNA synthesis (Fig. 3) , confirming out the N-terminal half of the SV5 L protein abolished Pthat complex formation is a prerequisite for viral RNA L complex formation. In contrast, in MV the P binding synthesis. It is possible that aa 368 is just one part of site was mapped to a shorter region encompassing the the P binding site which might consist of nonlinear se-N-terminal 408 amino acids of the L protein (Horikami et quences from throughout the N-terminus of L protein. al., 1994) .
Alternatively, this change may have indirectly affected a Based on these results we proposed that domain I of distal binding site. the L protein may be important for P protein binding Polymerase complex formation, however, was not necand tested this hypothesis using chimeric Sendai/MV L essarily sufficient for RNA synthesis, since L mutants that proteins and site-directed mutagenesis in this region.
did form the P-L complex gave a spectrum of biological The L proteins of the paramyxoviruses share significant activities ranging from significant to no RNA synthesis homology within domain I, yet polymerase complex for- (Fig. 3) . Two mutants retained good synthetic activity. L8 mation was specific for both Sendai and MV, since neiwith changes of aas 376-377 from the Sendai to the MV ther viral L protein could bind the heterologous P protein.
This suggested that sequences in common between the sequence gave somewhat decreased, but still significant, viral RNA synthesis. Interestingly, a virtually WT phenoportant for viral RNA synthesis. For the bunyavirus L protein Jin and Elliot (1992) made seven or eight alternative type was obtained in L18 which changed the nearby conserved, but not invariant, Glu at aa 370 to Ala. Thus, substitutions at each of two highly conserved amino acids, D1037 (IIIA) and D1165 (IIIC) in region III yielding while amino acid substitutions were tolerated on the Cterminal side of region Ic, a disruption by insertion of proteins which were all inactive in RNA replication in vivo. Four changes in nonconserved residues elsewhere three amino acids at aa 379 in L15 was lethal for the functionality of the protein.
in region III gave active polymerases, while two others were inactive. Sleat and Banerjee (1993) found overall A very interesting set of L mutants amino-proximal to domain Ic uncoupled Sendai transcription and DI replicasimilar results by mutation of the GDNQ sequence in the VSV L protein in domain III, where changes in conserved tion in vitro. Substitutions in L9 at aas 349-350 and in L10 at aas 354-355 that changed the Sendai sequence amino acids usually yielded proteins inactive in transcription in vitro, while substitutions in the three amino acids to that of MV, as well as a three-amino-acid insertion in L14 at aa 348, all allowed mRNA synthesis, but abolished downstream of this site retained some activity. In each of these studies only one aspect of viral RNA synthesis DI RNA replication (Fig. 3) . WT levels of DI leader RNA, the transcription product from the DI template, however, was examined, so it is not clear if there were pleotropic effects of any of the mutations. were still synthesized by each of these mutants, showing that each polymerase was able to bind to the DI template These studies have identified a region in domain I critical for multiple functions of the Sendai L protein. The and initiate and complete the synthesis of the DI leader RNA product. We propose that the defect in RNA replicadiversity of phenotypes in just this small region suggests that the topology of the L protein is very important for its tion for these mutants lies in the ability of the enzyme to recognize or utilize the NP-P complex which is the functional activities. This may not be surprising considering the number of catalytic activities required for RNA substrate for packaging the nascent RNA, a process necessary for full-length genome synthesis. We have resynthesis which are encoded by this polymerase. In the absence of crystallographic data on the polymerase comcently shown that a Cys to Tyr substitution at aa 1571 between domains V and VI in the Sendai L protein also plex, extensive future site directed mutagenesis of the L gene, including both conserved and nonconserved segave a similar phenotype where transcription was uncoupled from genome replication (Horikami and Moyer, quences, offers the best approach for identifying regions of the L protein defining each biological activity. 1995). These data give preliminary evidence that different regions of the L protein, in this case both the N-and the C-terminal portions of the protein, are involved in or ACKNOWLEDGMENT catalyze an activity required specifically for RNA replication. Future work will be required to delineate this defect. In conserved region Ic many of the amino acids are common to (0) strand virus L proteins and there are only two amino acid differences between the Sendai and MV REFERENCES L proteins. Changes in L16 and L17 at aas 362 and 366 of the invariant amino acids, Arg and His, respectively,
